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ABSTRACT

A proof-of-concept experimental validation of a proposed
idea for encoding spatial images using masks with patterns
based on a set of orthogonal Walsh functions was conducted.
Simple images were encoded via a multiplexing technique, and
computer algorithms were developed to decode and to display
the results. Photographs of the re-constructed images offer
incontestable proof of the validity of this hypothesis for
multiplexed imaging. Further research of this technology is
expected to lead to full development of an extremely efficient
infrared imaging system, with additional applications to
passive surveillance, target signature identification, and

airborne infrared astrophysics.
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I. INTRODUCTION

A. MOTIVATION

Since the time of the discovery of the characteristics of
thermal (blackbody) radiation almost a century ago, it has
been known that most commonplace objects on the earth emit
most of their thermal radiation at infrared wavelengths. This
is because most objects are in approximate thermal equilibrium
with the ambient terrestrial environment, whose absolute
temperatures lie in the range of 250-300 Kelvin. Hence, it
follows that the infrared (IR) wavelengths constitute an
important channel for the conveyance of information about
objects in the terrestrial environment.

However, environmental remote sensing by means of infrared
thermal measurements is not the only reason for pursuing
infrared methods. The IR portion of the spectrum carries a
vast amount of useful information. In particular, most
molecules are capable of emitting and/or absorbing infrared
radiation with ease. This makes IR observations, particularly
IR spectroscopy, an important agent for the remote sensing of
fundamental physical properties, such as chemical composition,
temperature, and chemical abundances, It 1is evident,

therefore, that detailed measurements of the spatial and




spectral characteristics of the radiation distribution emitted
from an object can be of significant value.

Our primary regime of interest, then, is the remote
sensing of the spatial and spectral properties of IR
radiation. This area of technology is called infrared imaging
spectroscopy, or, alternatively, spect~oscopic imaging. It is
a comparatively new field of study. Diverse types of
instrumentation exist for either IR imaging or spectroscopy,
but efficient and sensitive devices that are capable of both
functions at once are rare. The development of such
technology should be of great utility to many areas of remote
sensing, particularly in surveillance/target signature
identification and in more "pure" scientific disciplines, like
infrared astrophysics.

This thesis has its origins in the infrared astrophysical
instrumentation background of the author’s thesis advisor,
D.S. Davis. He has been the developer of state-of-the-art IR
spectroscopic instrumentation for an extended period,
particularly devices that are deployed aboard NASA’s Kuiper
Airborne Observatory. This thesis project marks the extension
of his interests into the realm of imaging spectroscopy.

The Kuiper Airborne Observatory (KAO), operated by the
Medium Altitude Missions Branch at NASA’'s Ames Research Center
in California since 1975, has exploited the  superior
transmission of the atmosphere at altitudes above 40,000 feet

and produced a wealth of significant astronomical information.
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An airborne platform is required for much IR astronomical
work, in order to get above terrestrial water vapor, an IR
absorber. Researchers aboard the KAO are credited with such
discoveries as the unique ring system around Uranus in 1977,
a ring of dust emission about the galactic center, an
understanding of the composition of Halley’'s Comet, and
precision measurements of the chemical constituents of
planetary atmospheres.

Recently, NASA has proposed a successor to the KAO to be
called SOFIA -- Stratospheric Observatory For Infrared
Astronomy. SOFIA will be a modified Boeing 747 jet aircraft
carrying a Nasmyth three meter open-port telescope supplied by
the Federal Republic of Germany. Designed to “"address
fundamental questions in galactic and extragalactic astronomy
and in the origin and evolution of the Solar System" [Ref. 1],
Sofia will extend airborne observation capabilities well
beyond those of the KAO. With an evolving complement of focal
plane instrumentation, SOFIA should have 10 times the point
source sensitivity and three times the angular resolution of
its predecessor. With these vast improvements, scientists
believe SOFIA will provide the capability to study the entire
cycle of the birth and death of stars and planets by examining
infrared emissions of different phases of the interstellar
medium.

Davis’ principal contribution to KAO research has been in

the development and use of a cryogenically-cooled infrared




multiplexing Fourier Transform Spectrometer. The
spectrometers that are to fly aboard SOFIA will need to take
advantage of its augmented sensitivity to increase their
spectral resolving powers where needed. The proposed
availability of SOFIA has sparked recent developments in
spectrometer design, including an innovative optical
nultiplexing technique for infrared imaging being pursued by
Davis (Ref. 2]. This technique is based on the use of
orthogonal functions to encoue entire images at once, rather
than on traditional scanning methods. Davis proposes a unique
state-of-the-art imaging/spectroscopic system that will
operate over a wide range of infrared wavelengths and
resolving powers. For the first time such a system will
achieve in both the spatial and spectral domains, all of the
advantages now enjoyed by Fourier spectroscopic methods alone.
Davis believes such a system would provide extreme sensitivity
and versatility on a platform such as SOFIA, and have major
effects on such areas of infrared remote sensing as passive

surveillance and target signature identification. [Ref. 2]

B. THESIS GOAL

The goal of this thesis is to investigate the idea of
encoding electromagnetic energy using masks encoded with
patterns based on the products of Walsh functions, as proposed
by Davis. This is a proof-of-concept project; it has not

attempted to achieve the goals of high sensitivity and




versatility of which the technique is hypothetically capable.
We have set out to encode simple images via a multiplexing
technique, to develop the necessary computer algorithms to
decode and to display results, and to demonstrate that the
method is conceptually sound. Successful achievement of these
goals will prove the validity of Davis’ hypothesis. This will
lay the groundwork for future experimentation leading to the
development of infrared spectroscopic imaging instruments

using this technique to its fullest potential.




II. A NEW TECHNIQUE IN INFRARED IMAGING SPECTROSCOPY

A. GOAL AND METHODOLOGY OF IMAGING SPECTROSCOPY

The basic goal of imaging spectroscopy is to measure
simultaneously the spatial and spectral characteristics of an
observed electromagnetic radiation field. The desired
measurements are functions of three independent variables,
typically the X and Y coordinates of each image pixel, along
with a spectral variable, such as wavelength or wave number.
Theoretically, the direct determination of the intensity of
such a radiation field would require the use of some sort of
complex three-dimensional (3-D) detector whose geometric
structure could be mapped into the 3-D spatial and spectral
parameter space required by the application. Such detectors,
and instruments to use them, do not exist. Therefore, some
sort of opto-mechanical scanning in the spectral and/or
spatial domain is uasually employed. Such sequential scanning
does not produce a simultaneous measurement of the entire
pattern of radiation. Yet, if the field under observation is
temporally stable during the scanning period, satisfactory
results may be obtained for comparatively bright sources.

The development of a new generation of 1imaging
spectrometers is by no means an idle academic exercise. This

is particularly true in the realm of IR technology.




Currently, various types of IR imaging devices exist that use
opto-mechanical scanners, vidicons, and array detectors. Such
devices yield only limited information about the radiation
field under study. They are IR relatives of black-and-white
television, revealing the intensities of a target field’s
spatial components without measuring anything about that
field’s spectral characteristics. By the same token, IR
spectrometers abound. These devices disclose an abundance of
data about a target’s temperature, chemical composition, and
range. They do so, however, at the expense of spatial
information, by averaging their spectroscopic capabilities
over an entire field of view. Details about which spectral
composition is produced by which portion of the target are
thereby lost in the process.

An efficient IR imaging spectrometer can; at least
hypothetically, overcome both of these limitations by
providing simultaneous, detailed spectral and spatial
information about the radiation field being emitted from a
target. Citing again the analogy with television, the goal of
such an imaging spectrometer is to measure IR spatial and

spectra signatures by means of high definition color

television. It 1is actually better than that, for the
resulting "colors" are actually detailed spectra,
characterizing the target’s composition, temperature, and

other signature components.




For example, suppose that we are 1interested in
characterizing the exhaust of a jet engine. Conventional IR
imaging methods, such as Forward-looking infrared, record the
spatial distribution of the exhaust’s emitted IR flux, but
nothing abouts its spectrum. A conventional spectrometer can
measure the spectrum of the exhaust plume, but spatial
information is lost. If we want to know what molecular species

are present and where in the plume they occur, we need imaging

spectroscopy for the task.

B. SCANNING VERSUS MULTIPLEXING

It has been aemonstrated repeatedly that, for optical
measurements which must employ some type of scanning to
achieve their purpose, significant improvement in the quality
of experimental results may be realized by using multiplexing
methods in lieu of traditional scanning methods. ([Ref. 3]
Traditional scanning approaches usually involve a sequential
set of observations made while one of the independent optical
variables, for example, wavelength or pointing angle, varies
in a systematic manner. This is the technique used in raster
scanning of an image or in the recording of a spectrum with a
conventional monochromator.

There is a fundamental inefficiency associated with this
approach, however. By recording only one sample at a time,
the instrument is ignoring the rest of the radiation field

during that time. If the measurement is to be of an




inherently weak source, then this waste of incoming photons at
other wavelengths of interest, or from other parts of the
source, results in a gross inefficiency in the entire
measurement process. Multiplexing avoids this waste by
recording all of the information of interest all of the time.
The experimental apparatus encodes the radiation field in such
a way that the optical detector sees not a time sequence of
isolated samples of the field, but rather a time sequence of
linear combinations of all samples from the entire field. The
information is encoded so that these linear combinations may
be unscrambled later by a digital computer. By employing such
a procedure, the experimenter gains enormous optical
efficiency with his device. The cost in doing so is an
increase in instrumental complexity; nevertheless, the effort

can be more than amply rewarded.

C. FOURIER TRANSFORM SPECTROSCOPY
1. Methodology

The most widely exploited multiplexing technique is
Fourier Transform Spectroscopy (FTS) [Ref. 3]. 1In FTS, each
spectral element’s intensity appears as the coefficient of a
simple sinusoidal function; the spectrometer produces a
sequence of measurements of linear sums of such terms. A
Fourier transform of the sequence of measurements recovers the

spectral intensity distribution.




2. Advantages
Fourier transform spectrometers have virtually
revolutionized IR spectroscopy. There are now many commercial
instruments in widespread use. Several physical reasons exist
for the remarkable successes of IR multiplexing, but five
prominent factors stand out. They are listed herein and

described briefly below:

the Fellgett multiplexing advantage [Ref. 3]
the Jacquinot throughput advantage [Ref. 3]

the excellent thermal background signal cancellation .of
properly designed multiplexing systems [Refs. 2,4]

the immense versatility of the technique [Ref. 2]
the simple internal metrological consistency of the
resulting measurements. [Ref. 4]
. The Felgett Advantage
When multiplexed instruments are operated in noise
regimes where the dominant noise source is not correlated with
detected signal 1levels, those instruments possess a
significant signal-to-noise advantage over traditional
scanning devices. This is because the noise fluctuations in
signal level are distributed uniformly over all measurement
channels, while all channels are being recorded
simultaneously. When the measurements are later demultiplexed

in the computer, this uniform noise distribution is divided

10




equally among the various channels, so that each channel
receives only a fraction of the total noise distribution.
b. The Jacquinot Advantage

This consideration is of particular relevance to
Fourier transform spectrometers and related instruments.
Since such devices do not employ slits or similar one-
dimensional field stops, they collect much more light than
that collected by a conventional dispersive spectrometer of
comparable resolving power. Comparing a multiplexed
instrument and a dispersive instrument for observations of the
same spatially extended field, the multiplexed one will
typically record many orders of magnitude more photons in a
given time, yielding an attendant enhancement in signal-to-
noise ratio (SNR).

c. Thermal Background Reduction

The form of optical multiplexing inherent in
Fourier spectrometers makes these instruments excellent for
measurements of comparatively weak signals embedded within
strong thermal background emissions from the environment
and/or from the instruments themselves. The cancellation of
this background interference is accomplished by purely passive
means. Two input beams are employed: one looks at the field
of interest, while the other looks at a neighboring blank
field. Both fields are then combined out of phase at the

spectrometer’s beamsplitter, so that, ideally, the common

11




background component does not produce a measured modulated
signal.
d. The Versatility Advantage

In order to make major changes in experimental
parameters, such as resolving power, with traditional
instruments, it is wusually necessary to make a complete
interchange of key optical components. For example, the
experimenter may be required to switch diffraction gratings in
order to obtain the best blaze angle and spectral resolution
for a particular application. Optical changes of this kind
are a complicated exercise and are not conducive to the rapid
adaptation of the apparatus to diverse experimental objectives
under real-time operating constraints.

Multiplexed instruments, however, need no such
major overhaul for their conversion to different objectives.
For example, the airborne Fourier transform spectrometer used
by Davis aboard the KAO can be converted, in flight, from low
(100) to ultra-high (1,000,000) resolving power in about 10
seconds. Similar reconfiguration times are involved in its
conversion to different wavelength bands and different
sensitivities. Therefore, multiplexed approaches have a
distinct edge in applications such as airborne spectrometry
and "in-the-field" remote sensing, which require that a single
instrument be readily adjustable to a wide variety of

experimental objectives.
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e. Metrological Consistency

The simultaneous acquisition of all measurements
via a single detection channel automatically cancels any
channel-to-channel discrepancies and systematic calibration
errors. All observations have the same experimental frame of
reference, yielding remarkable internal consistency and ease
of calibration. The experimenter generally does not have to
resort to laborious secondary calibration procedures.

3. Limitations

As of this time, FTS represents the most successful
refinement of optical multiplexing methods as applied to
spectroscopic measurement. Spectroscopist A.H. Gebbie stated
[Ref. 5] in 1970 that he'believes "it has been perfected
during the recent revival in two beam interferometric
spectroscopy due to the advent of very fast and cheap digital
computation, which allows the time variable to be inverted to
the required frequency variable." Computers are much faster
and cheaper now than they were 20 years ago. Efficient
digital processing techniques, such as the fast Fourier
transform and its cousins, make it feasible to consider the
use of other orthogonal function families for optical

multiplexing.
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4. Hadamard Spectroscospy
a. Methodoloqgy

The use of binary orthogonal functions in multiplex
spectrometry was pursued by Gebbie and others a number of
years ago. The most familiar example of this approach is
probably the so-called Hadamard transform spectrometer of
Harwit and Decker. [Refs. 6,7] Despite its name, it does not
actually use Hadamard matrices in its operation; it encodes
the elements of a spectrum as coefficients of orthogonal
cyclic-redundancy functions by modulating the instrumental
field of view with optical masks that are alternately
transparent or opaque at each image pixel. In the cyclic-
redundancy form of the Hadamard tactic, 2"-1 separate two-
dimensional encoding masks are required to multiplex n image
pixels.

2 imitations

There are some obvious limitations with this
approach. First, it is difficult to register so many two-
dimensional masks precisely and reproducibly within the field
of view. Second, the optical efficiency of the Hadamard
system is at best 50%, owing to the opacity of the "off"
pixels for any given mask. Third, there is no way to invoke
the equivalent two-beam background compensaticn scheme that is
an key contributor to the success of IR FTS systems. Fourth,

the method lacks versatility; different spatial resolving
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powers require a set of different masks. The new image
multiplexing scheme proposed by Davis will overcome each of
these deficiencies while preserving the other advantages of

multiplexing at the same time.

D. DAVIS’ PROPOSED TECHNIQUE

Davis’' proposed new technique is based upon the tenets of
sequency theory as detailed by Harmuth [Ref. 8]. Instead of
using opaque and transparent masks as in the Hadamard approach
this technique uses reflecting and transmitting encoding masks
formed from photo-etched metal films on transparent
substrates. These masks will consist of patterns of two-
dimensional sequency-ordered Walsh functions as shown in
Figure 1II-1. This technique achieves passive background
compensation exactly analogous to the FTS’s technique by using
two input beams to illuminate opposite sides of such a mask
encoder. Furthermore, with proper material selection, few
photons will be absorbed by the encoder and optical
efficiencies can, at least theoretically, approach 100%.

There is one overriding advantage to be gained by using
Walsh functions instead of the cyclic-redundancy functions
associated with the Hadamard technique. As will be shown in
the next chapter, Walsh functions form an orthogonal basis set
which can be synthesized by means of Kronecker products of
other Walsh bases of lower order. This will permit the

generation of 2" encoding masks in the two-dimensional (2-D)
g
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image plane by employing two one-dimensional (1-D) masks of
order 2’ and 2%, where j+k=n. There are tremendous potential
gains to be derived by exploiting this fact. To encode, for
instance, a 32 x 32 pixel image, the Hadamard approach would
require the precise manipulation of 2,047 2-D masks. The
Walsh method will require that only two 1-D masks be used,
each with only 32 patterns! The opto-mechanical servo system
for 1-D control will be much simpler than a 2-D system. Also,
proper sequency ordering of the basis masks will permit the
complete decoupling of the measured spatial frequencies of the
image, so that wide versatility of spatial resolving power
with respect to two independent spatial coordinates may be
realized.

The patterns shown in Figure II-1 are actually entries in
a multiplication table of Walsh functions; only those encoding
patterns displayed along the top and left margins of each
array are required to synthesize the remainder of the patterns
and thus the entire encoding basis. In addition, the
technique is nct confined to simple cartesian arrays, as shown
by the patterns in Figures II-2 and II-3.

Figure II-2 shows a multiplication table for projected
spherical coordinates, such as might be employed for global
surveillance; Figure II-3 displays an equivalent table mapped
into modified polar coordinates. Any arbitrary distribution
of pixel sizes and shapes, even non-contiguous configurations,

is possible. The only restriction is that the number of
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samples to be encoded must be 2", where n is an integer. 1If
an instrument is pre-configured with a sufficiently large pair
of masks, any complete sub-basis of spatial frequencies, in 1
or 2 dimensions, may be scanned independently.

Once this new approach to imaging is realized in a
practical IR instrument, it can be coupled to either a
conventional dispersive array detector system to record
spatially multiplexed and spectroscopically dispersed
spectral images. Or, in wavelength regions where efficient
array detectors are not available, it could be combined with
a two-input Fourier transform spectrometer to produce
completely multiplexed spectral images. Figure II-4
illustrates Davis’ concept for a possible hybrid multiplexed
imaging-FTS system. It contains the two orthogonal Walsh
encoders, a stigmatic optical train to perform the optical
analog of the Kronecker product, and an output FTS of the
proven KAO type, [Ref. 2]

As stated in the introduction, the goal of this thesis
project has been to demonstrate that the Walsh multiplexing
scheme for image encoding/decoding will work. The ultimate
goal of producing an efficient imaging spectrometer is left

for the future.
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Figure II-4. Davis’ Proposed Hybrid Multiplexed Imaging-FTS
System.
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III. WALSH FUNCTIONS

A. DESCRIPTION

Walsh functions are a closed set of orthogonal functions
first developed by J.L. Walsh in 1923 [Ref. 9]. They form an
ordered set of rectangular waveforms, taking on amplitude
values of 1 only. They are defined over a limited argqument
range, such as some domain of length, T. For the multiplexing
applications described in this thesis, T is actually a
spatial, rather than a temporal argqument. Two parameters are
required for a complete description of a Walsh function, just
as with the familiar sine and cosine trigonometric functions,
sin(wt) and cos(wt). For Walsh functions, the necessary
parameters are an argument t (often normalized to the domain
width T as ® = t/T), and an ordering number, n, which is
analogous to the frequency parameter of the trigonometric
functions. An arbitrary Walsh function may be written as:

wal(n,t) for n =0,1,2,...,N-1
where N=2", m integer = 1.

The ordering parameter is usually referred to as the
sequency of the Walsh function. Sequency is a term originally
coined by Harmuth [Ref. 8] to describe a waveform-independent
repetition rate. It is similar to the frequency concept

associated with sinusoidal functions. Frequency may be
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thought of as a specification of % the number of a sinusoid’s
zero crossings in a given interval. Similarly, sequency is
the number of =zero crossings that a Walsh, or related
functions, exhibit in a given interval, although the zero
crossings do not have to be uniformly spaced. For our purpose
and many other applications, the set of Walsh functions is
ordered in ascending sequency. The first eight sequency-
ordered Walsh functions are shown Figqure III-1.

In addition to sequency order, other conventions in common
use 1include dyadic order (Paley order), natural order
(Hadamard order), and Gray code order. These orderings, their
origins, and their uses are fully described by Harmuth [Ref.

8] and Beauchamp [Ref. 10].

B. ORTHOGONALITY
1. Definition

Two functions ¢;(x) and ¢;(x) in the set {$,(x)} are

said to be orthogonal with respect to each other over the

interval a < x < b if they satisfy the conditions
b
[6; 0050 ax= k.8,
a

where

1,1i=J
8:58(071=7

and K; » 0.
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Figure III-1. The First Eight Sequency-ordered Walsh
Functions.
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6 1is called the Kronecker delta. 1If the constants K,
are all equal to 1, the ¢, (x) are said to be orthonormal
functions. The term "orthogonal" is borrowed from vector
algebra in analogy to perpendicular vectors, because the above
integral resembles the dot product operation for ordinary
vectors.

2. Demonstration

The orthogonality of the discrete Walsh function set
is proven by Walsh [Ref. 9], Harmuth [Ref. 8], and Beauchamp

[Ref. 10}. The result is

C=]
[ WAL (m, £) WAL(n, t) dE= 8.
t=0

The reader can demonstrate this characteristic easily
and convincingly using the Walsh functions shown in Figure
III-1. Arbitrarily choose any two of these functions. Working
from left to right over the entire interval, multiply the
amplitudes of the two functions together for each sub-interval
(a sub-interval is the domain over which there are no zero
crossings). Next, add up the values for all sub-intervals.
The sum will be zero in all cases in which the two functions
are not identical, and will be exactly one when the two
functions are the same.

For example, choose WAL(3,t) and WAL(7,t). Note that
WAL(7,t) has seven zero crossings, or discontinuities,

resulting in eight sub-intervals where the sign changes,
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whereas WAL(3,t) has only four sub-intervals (which are twice
the length of those for Wal(7,t)) over the same interval of
time. Working from left to right over the entire interval,
take the product of these two functions over eight sub-
intervals. Next, total the values for all sub-intervals and
note that the sum is indeed zero. Results are listed below in
Table III-1.

TABLE III-1
SUMMARY OF ORTHOGONALITY DEMONSTRATION

SUB-INTERVAL WAL(3,t) WAL(7,t) WAL(3,t)*WAL(7,t)

o —————— —— —————————————— —————— o ——————————— ——— o ———————————————— ———

1 +1 +1 +1
2 +1 -1 -1
3 -1 +1 -1
4 -1 -1 +1
5 +1 +1 +1
6 +1 -1 -1
7 -1 +1 -1
8 -1 -1 +1

SUM TOTAL 0

Now repeat the same procedure multiplying one function
by itself and adding up the amplitude values. In all cases,
wherever the function equals -1, then the function multiplied
by itself gives (-. x -1) = +1; wherever the function is +1,
then (+1 x +1) = +1. Therefore, the function multiplied by
itself (or squared) is +1 everywhere and the integral over the
entire unit interval will always be 1!

After trying these exercises with several different
combinations, the reader will be <convinced of the
orthogonality of Walsh functions, an important characteristic

which we will later exploit.
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C. ADDITIONAL PROPERTIES

There are two additional properties of Walsh functions
which should be noted. The first is the limitation on the
number of individual functions in an orthogonal basis set and
the second is the concept of phasing.

1. Limitation on the Number of Individual Functions

Unlike the orthogonal trigonometric functions which

form the basis set for conventional Fourier analysis, the
Walsh functions have a restriction on the number of component
functions that constitute a complete orthogonal basis set.
That number must be an integer power of two; that is, the
complete basis set must contain N distinct members, where N =
2" and m is a positive integer. The sequency of the
individual member functions will range from 0 to N-1, as
Figure III-1 shows for the case of N = 8.

2. Phasing Concept

The phasing concept for Walsh functions is actually

simpler than that for the trigonometric functions. Since the
functions take on only the values t1, the only possible
alteration or ambiguity in their s